The relativistic electron beam (REB) propagation in a plasma is fraught with beam plasma instabilities. The prominent amongst them being the collisionless Weibel destabilization which spatially separates the forward propagating REB and the return shielding currents. This results in the formation of REB current filaments which are typically of the size of electron skin depth during the linear stage of the instability. It has been observed that in the nonlinear stage the filaments size increases as they merge with each other. With the help of 2-D PIC simulations in the plane perpendicular to the REB propagation, it is shown that these mergers occur in two distinct nonlinear phases. In the first phase, the total magnetic energy increases. Subsequently, however, during the second phase, one observes a reduction in magnetic energy. It is shown that the transition from one nonlinear regime to another occurs when the typical current associated with individual filaments hits the Alfvén threshold. In the second nonlinear regime, therefore, the filaments can no longer permit any increase in current. Magnetic reconnection events then dissipate the excess current (and its associated magnetic energy) that would result from a merger process leading to the generation of energetic electrons jets in the perpendicular plane. At later times when there are only few filaments left the individual reconnection events can be clearly identified. It is observed that in between such events the magnetic energy remains constant and shows a sudden drop as and when two filaments merge. The electron jets released in these reconnection events are thus responsible for the transverse heating which has been mentioned in some previous studies [Honda et al. Phys. Plasmas 7, 1302 (2000 ].
I. INTRODUCTION
The existence and impact of the magnetic field in astrophysical events have continued to excite researchers, positing interesting issues pertaining to plasma physics. With the advent of high intensity lasers, it has been possible to make interesting observations on the dynamical evolution of magnetic field in laboratory experiments on laser matter interaction [1] [2] [3] [4] [5] . The intense lasers ionize the matter into plasma state and dump their energy into the lighter electron species, generating relativistic electron beam (REB) [6] [7] [8] in the medium. Though the propagation of relativistic electron beam with current more than Alfvén current limit i.e. I = (m e c 3 b /c 2 ) −1 is relativistic Lorentz factor, is not permitted in the vacuum ( as the associated magnetic fields are large enough to totally curve back the trajectories of the electrons). In plasma medium, this is achieved as the current due to REBs are compensated by the return shielding current in the opposite direction provided by the electrons of the background plasma medium. The two currents initially overlap spatially, resulting in zero net currents and so no magnetic field is present initially. The combination of forward and reverse shielding current is, however, susceptible to several micro-instabilities. A leading instability in the relativistic regime is the filamentation instability [9] . It is often also termed as the Weibel instability [10] . The filamentation/ Weibel instability creates spatial separation of the forward and reverse shielding currents. The current separation leads to the generation of the magnetic field at the expense of the kinetic energy of the beam and plasma particles. The typical scale length at which the Weibel separation has the maximum growth rate is at the electron skin depth scale c/ω pe . The Weibel separation, thus, leads to the formation of REB current filaments of the size of electron skin depth scale and is responsible for the growth of the magnetic energy in the system. The dynamics, long term evolution and energetics associated with the Weibel instability of current filaments are of central importance in many contexts.
For instance, in fast ignition concept of fusion, the energetic REB is expected to create an ignition spark at the compressed core of the target for which it has to traverse the lower density plasma corona [11] [12] [13] [14] [15] and dump its energy at the central dense core of the target. This requires a complete understanding of REB propagation in the plasma medium.
In astrophysical scenario, the generation of cosmological magnetic field and relativistic collisionless shock formation in gamma ray bursts have often been attributed to the collisionless Weibel instability [16] [17] [18] [19] [20] . The formation of collisionless shock and it's behavior depends on long term evolution and dynamics of the magnetic field generated through Weibel destabilization process.
The growth of magnetic field through the Weibel destabilization process influences the propagation of REB filaments. In this nonlinear stage, the current filaments are observed to coalesce and form the larger structure. There are indications from previous studies [21] that at the early nonlinear stage of evolution there is a growth of magnetic field energy. Subsequently, however, the magnetic energy shows decay. The physical mechanism for the observed decay of magnetic field at later stages is the focus of the present studies. There are suggestions that the merging process of super Alfvénic currents carrying filaments leads to the decay of magnetic energy [21] . On the other hand, the mechanism of magnetic reconnection which rearranges the magnetic topology in plasma is also invoked which converts the magnetic energy to kinetic energy of the particles. This can result in thermal particles or the particles may even get accelerated [22, 23] The paper has been organized as follows. The simulation set up has been discussed in section II. The observations corresponding to the linear phase of instability is presented in section III. The nonlinear phase of the instability covered in section IV. Section V provides for the summary and the discussion.
II. SIMULATION SET-UP
We employ OSIRIS2.0 [24, 25] Particle -In -Cell (PIC) code to study the evolution of the two counterstreaming electron current flows in a 2-D x1 − x2 plane perpendicular to the current flow direction of ±ẑ. We have considered the ion response to be negligible and treated them as merely providing a stationary neutralizing background. Thus the dynamics is governed by electron species alone. However, this would not be applicable at longer times where ion response may become important and introduce new features.
The boundary conditions are chosen to be periodic for both the electromagnetic field and the charged particles in all direction. We choose the area of the simulation box R as 64 × 64 (c/ω pe ) 2 corresponding to 640 × 640 cells. The time step is chosen to be 7.07 × 10 −2 /ω pe where ω pe = 4πn 0e e 2 /m e and n 0e = n 0b + n 0p is the total electron density which is the sum of beam and the plasma electrons denoted by suffix b and p respectively. The total number of electrons and ions per cell in the simulations are chosen to be 500 each. The quasi neutrality is maintained in the system by choosing equal number of electrons and ions. The velocity of beam electrons and the cold plasma electrons are chosen to satisfy current neutrality condition. The uniform plasma density n 0e is taken as 1.1 × 10 22 cm −3 and the ratio of electron beam density to background electron density has been taken as(n 0b /n 0p = 1/9) is the simulations presented here. The fields are normalized by m e cω pe /e. The evolution of field energy normalized by m e c 2 n 0e is averaged over the simulation box. We have carried simulations for the choice of cold as well as finite temperature beams. Several choices of beam temperature were considered.
III. LINEAR STAGE OF INSTABILITY
The charge neutrality and the current balance condition, chosen initially ensures that there are no electric and magnetic fields associated with the system and equilibrium conditions are satisfied. We observe a development of magnetic field structures of the typical size of electron skin depth with time. This can be seen in Fig. 2 The growth rate for case (I) with v 0b = 0.9c the growth rate obtained from the simulation by measuring the half of the slope of the magnetic energy evolution in Fig. 3 it can be observed from Fig. 3 that when the normalized magnetic energy becomes of the order of unity the increase in magnetic energy considerably slows down. This reflects the onset of the nonlinear regime. We discuss the nonlinear regime of the instability in the next section in detail.
IV. NONLINEAR STAGE OF INSTABILITY
When the Weibel separated magnetic fields acquire significant magnitude, they start influencing the dynamics of beam and plasma particles. This backreaction signifies the onset of nonlinear regime. The plot of the magnetic energy growth in Fig. 3 clearly, shows that at around t ∼ 50ω pe t (cold beam-plasma system) the system enters the nonlinear phase. The characteristics behaviour in the nonlinear regime has been described in the subsections below:
A. Current filaments
In the non-linear stage of WI, the current filaments, flowing in the same direction, merge with each other with time and organize as bigger size filaments. During the initial nonlinear stage magnetic field energy keeps growing, albeit at a rate which is much slower than the linear growth rate and then saturates (Fig. 4) . Subsequently, the magnetic field energy decreases as can be observed from the plot of Fig. 4 . 
The bounce frequency of a magnetically trapped electron is thus
the saturation would occur when the typical bounce frequency becomes equal to the maximum linear growth rate of instability. Therefore, the saturated magnetic field can be estimated by comparing the linear growth of filamentation instability to the bounce frequency (ω m = δ m ). In case of mono-energetic distribution function, the saturated magnetic field is
The estimate provided by the eq. ( 3) compares well with the observed saturated value of the magnetic field which is equal to 0.1.
B. Alfvén limited filaments
The process of merging of like current filaments can be seen from the plots of temporal evolution of the current densities shown in Fig. 5 . The current in the filament is essentially due to the beam electrons as illustrated in Fig. 5 . The current in the filament, however, should not exceed the Alfvén limit. The value of the Alfvén limit for our simulations is 35kA. In Fig. 6 , we show the evolution of the beam current and the number of filaments in the simulation box.
The number of filaments keeps dropping slowly, however, the average beam current in the filament keeps increasing. Since the beam particles convert the partial kinetic energy into magnetic field energy and slow down, the Alfvén current limit drops with time and finally saturates. The magnetic field keep on increasing until the average beam current lower than Alfvén current limit and at particular time, the average beam current cross the Alfvén current limit. This is also the time after which there is no increase in the magnetic energy of the system. After the saturation of instability, the magnetic field energy (|B ⊥ | 2 (n 0 m e c 2 ) zoomed 100× for better view) starts decaying as shown in Fig. 4 . In fact, one observes that the magnetic energy reduces after this time. This decay in the magnetic field energy can be understood on the basis of magnetic reconnection phenomena.
C. Electron jet formation
At later times when only few filaments are left in the system, we can track each of the filaments individually. We choose two such filaments which are about to converge and observe their behaviour as they coalesce with each other in Fig. 7 . The figures show the formation of electron jets in the plane as the two structures merge with each other.
The structures basically follow the EMHD [28] [29] [30] dynamics. Thus as the filaments come near each other they carry the B − ∇ 2 B with them. The filament scales being longer than electron skin depth, the magnetic field is essentially carried by the electron flow in the plane. However, when the filaments hit each other the magnetic fields get compressed against each other and scale sizes smaller than electron skin depth are formed. The collisionless inertia driven reconnection takes place and generating energetic electron jets in the direction orthogonal to the direction at which the filaments approach each other.
There is a change in magnetic field topology and accelerated electrons are observed. This is responsible for the reduction in magnetic field energy. In fact, each of the sudden drops in magnetic field energy can be times with such reconnection events in the simulation. The increase in the perpendicular energy of the electrons W ⊥ has been shown in It is interesting to note that nature tries to use ingenious and rapid techniques to relax a highly asymmetric system such as the one with inter-penetrating electron current flows along ±ẑ. The system being collisionless it would not have been possible to convert W (kinetic energy parallel toẑ axis to W ⊥ ). The magnetic field provides an intermediary role to aid this process and symmetrize the system. 
